Density functionals with asymptotic-potential corrections are required
  for the simulation of spectroscopic properties of defects in materials by Reimers, Jeffrey R. et al.
 1 
Density functionals with asymptotic-potential 
corrections are required for the simulation of 
spectroscopic properties of defects in materials.  
Jeffrey R. Reimers,1,2* Rika Kobayashi,1,3 and Michael J. Ford1,2* 
1 International Centre for Quantum and Molecular Structures and Department of Physics, 
Shanghai University, Shanghai 200444, China. 
2 University of Technology Sydney, School of Mathematical and Physical Sciences, Ultimo, 
New South Wales 2007, Australia. 
3 ANU Supercomputer Facility, Leonard Huxley Bldg. 56, Mills Rd, Canberra, ACT, 2601, 
Australia. 
AUTHOR INFORMATION 
Corresponding Author 
* Jeffrey.Reimers@uts.edu.au,  Mike.Ford@uts.edu.au  
  
 2 
ABSTRACT The asymptotic potential error in modern density functionals is well known to 
adversely effect the energetics and structure of molecular excited states involving charge-transfer 
character.  Here, we demonstrate that this effect also can be critical to the understanding of the 
spectroscopy of defects in materials, taking as an example the VN−  defect in hexagonal boron 
nitride.  The HSE06 density functional is used widely in advanced studies of materials defects 
but incorrectly represents the asymptotic potential. We show that it misrepresents the energetics 
of the excited states of the defect in a sample-size dependent manner, whereas the CAM-B3LYP 
density functional, which embodies long-range correction of the asymptotic potential, predicts 
results in accordance with those from MP2, CCSD, and CCSD(T) calculations.  As a general 
rule, the entry-level for DFT calculations on the excited states of defects in materials should be 
considered to be use of functionals embodying long-range correction to the potential. 
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Defects in hexagon boron nitride (h-BN) have been discovered that give rise to single-photon 
emission (SPE)1-4 and optically detected magnetic resonance (ODMR),5-6 with many potential 
applications in nanophotonics.7-10  Historically, only defects displaying magnetic properties have 
had their chemical natures determined,5, 11-17 but recently came the first characterisation based 
only on observed spectral properties.18  This was made possible through extensive experimental 
characterisation of composition, combined with computational spectroscopic predictions.  In 
general, the role of computation has been important in all defect assignments.13  For ground-state 
magnetic properties, many computational approaches such as density-functional theory (DFT), 
using generalized gradient approximation (GGA) or hybrid density functionals, deliver useful 
results and so progress has been rapid. 
 For spectroscopic properties, however, many difficult issues arise with both DFT and ab 
initio wavefunction approaches, with no method that is currently practical able to predict 
transition energies to within the desired accuracy of say ± 0.2 eV for all possible scenarios.19  Of 
tested methods, the most generally reliable approach is perhaps CAM-B3LYP,20-22 which gives 
results within 0.5 eV of those from computationally demanding ab initio methods.19  This 
functional implements long-range corrections23-24 to the asymptotic potential by introducing 
range separation techniques23 that dampen out20 the LDA-based contribution to the exchange 
operator at long range, leaving this contribution dominated by the asymptotically correct 
Hartree-Fock-based contribution.  Nevertheless, one of the most widely used density functionals 
is HSE06,25-26 a method that also embodies range separation,23 but uses this feature instead to 
enhance computational efficiency by removing the Hartree-Fock contributions at long range.26 
Hence a key deficiency of the original PBE functional27 upon which HSE06 is based is made 
prominent.  For molecules, it has been demonstrated that density functionals that misrepresent 
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the asymptotic potential are subject to catastrophic failure should charge-transfer become a 
significant aspect of a spectroscopic transition of interest.28-31  For defects in materials, 
predictions made using CAM-B3LYP and HSE06 can sometimes be very close to observed 
values,16 but often HSE06 predictions deviate significantly from those of CAM-B3LYP and ab 
initio approaches.19, 32 
 To understand the fundamental nature of the problems associated with use of density 
functionals without long-range asymptotic-potential correction to model the properties of 
materials defects, we investigate transitions in the singlet and triplet manifolds of the VN− defect.  
This defect consists of a nitrogen-atom vacancy that is negatively charged; it has been considered 
for a long time33-34 as a possible contributor to observed h-BN spectroscopic properties, and of 
late also as a candidate for explaining some observed6 ODMR, but always not all calculated and 
observe properties appear to match.  Of interest herein, the orbitals associated with the defect are 
predicted to lie close to the h-BN conduction band,16, 34 with the result that charge-transfer 
transitions with low energies will occur.  This will amplify any effects associated with the failure 
of density functionals to treat charge transfer realistically. 
 As shown in Fig. 1, calculations are performed for the model compounds 1 – 4 of VN− that 
comprise rings of B and N atoms surrounding the nitrogen vacancy, as well as for the model 2D 
periodic layer P64.  All molecular geometries are optimized using CAM-B3LYP/6-31G*, while 
the layer is optimized using HSE06; full details are provided in Supporting Information.  Only 
vertical excitation energies are considered.  The molecular calculations are performed using 
Gaussian-16,35 while the periodic ones are performed using VASP36-37 (using “PREC=HIGH”, 
“PREFOCK=NORMAL”, PAW pseudopotentials,38 at the Gamma-point of the Brillion zone of a 
(6×4√3)R30° unit cell with lattice vectors depicting an intrinsic h-BN BN bond length of 1.452 
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Å).  Model compounds for defects show very rapid convergence of calculated electronic 
properties with respect to increasing sample size pertaining to transitions localised mostly within 
the defect orbital space.17-18, 32  Of significance, such calculations have also been shown to 
converge to the same results as obtained using analogous calculations on 2D periodic defect 
models.32  Nevertheless, these generic results are not expected to apply to the transitions of VN− 
considered herein that involve the h-BN conduction band. 
 
Fig. 1.  Model compounds 1 − 4 and 2D layer P64 of the VN− defect in h-BN. 
 Table 1 provides excited-state energies obtained using time-dependent DFT (TD-DFT)39 
for the model compounds.  TD-DFT is particularly well-suited to the study of defects as it only 
requires that its reference state be of mostly closed-shell nature, whereas most defect states are 
open shell,19 as indeed is the case for VN−.  These energies are shown diagrammatically in Fig. 
2(a)-(b).  Model 1 only supports excitations within the defect core, with larger models adding in 
additional excitations that involve charge transfer to the h-BN conduction band.  TD-CAM-
B3LYP predicts that most transitions decrease in energy as the model size increases, with 
convergence quickly established.  However, TD-HSE06 predicts that most states decrease 
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dramatically in energy as ring-size increases.  The exceptions to this are the energies of (1)1𝐸𝐸′ 
and (1)3𝐸𝐸′, which quickly converge.  The nature of the two key orbitals involved in excitations 
from the ground state to these states are shown in Fig. 2(d) and are both localized within the 
defect core.  All other transitions, however, involve excitation to conduction-band orbitals, like 
the orbital shown in Fig. 2(d) that becomes occupied in the (1)1𝐴𝐴2′′ and (1)3𝐴𝐴2′′ states. 
 
Table 1.   Calculated vertical excitation energies, in eV, from the (1)1𝐴𝐴1′  ground state of the 
model compounds 1 − 4 of the VN− defect in h-BN, obtained using time-dependent methods. 
State EOM-CCSD TD-CAM-B3LYP TD-HSE06 
 1 1 2 3 4 1 2 3 4 (1)1𝐸𝐸′′ 3.65 3.36 3.11 3.02 2.97 3.26 3.10 3.02 2.99 (1)1𝐸𝐸′ 4.82 4.53* 3.79 3.64 3.63 4.25 2.78 2.21 1.85 (2)1𝐸𝐸′   4.09 3.85 3.74  3.42 2.69 2.26 (1)1𝐴𝐴2′    3.54 3.77 3.62  2.52 2.59 1.81 (2)1𝐴𝐴1′  5.47 5.20 4.67 3.61 3.84 4.77 3.85 2.10 2.20 (1)3𝐸𝐸′′ 3.09 2.77 2.33 2.21 2.18 2.66 2.27 2.16 2.13 (1)3𝐸𝐸′ 3.65 3.19 2.73 2.62 2.58 2.99 2.47 2.18 1.85 (2)3𝐸𝐸′  5.28 3.75 3.61 3.59 4.87 2.78 2.39 2.22 (1)3𝐴𝐴2′    3.46 3.71 3.61  2.43 2.54 1.80 (1)3𝐴𝐴1′  4.86 4.43 4.32 3.60 3.82 3.97 3.51 2.08 2.19 
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Fig. 2.  Comparison of low-energy vertically excited singlet and triplet state vertical excitation 
energies (Tables 1 and 2) for varying ring-size models (Fig. 1) of the VN− defect of h-BN:  (a)- by 
TD-CAM-B3LYP, (b)- by TD-HSE06, (c)- from DFT calculated state-energy differences.  (d) 
shows the key orbitals of 4 involved in a localized defect transition and in a charge-transfer 
transition (CAM-B3LYP orbitals are shown, HSE06 ones are very similar). 
 
 The (1)1𝐴𝐴2′′ and (1)3𝐴𝐴2′′ states are highlighted as, for them, an occupied orbital is 
localized on the model boundary and hence could be considered as an artefact induced by using 
molecular cluster models.  Indeed, for 2, all charge transfer bands are by necessity located on the 
boundary.  Models like 3 and 4 support centrally located charge-transfer states, and, for 4, 17 
charge-transfer transitions are predicted by TD-HSE06 at under 3 eV in energy, many of which 
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involve more central destination orbitals.  The basic effect depicted is therefore a robust 
prediction of the calculations, though its quantitative nature is clearly model-size dependent. 
 Figure 2(d) lists the orbital numbers of the illustrated orbitals, with #374 being the 
HOMO orbital and #375 the LUMO.  The CAM-B3LYP ordering is indicated and identifies (1)1𝐴𝐴2′′ and (1)3𝐴𝐴2′′ as resulting from the HOMO to LUMO transition; analogous HSE06 results 
are similar.  Surprisingly, the low-energy states (1)1𝐸𝐸′ and (1)3𝐸𝐸′ arise from excitations deep 
into the unoccupied orbital space to orbitals #406 and #407.  These are essentially defect orbitals, 
but their presence within the h-BN conduction band induces some mixing.  As is often found for 
defects,19 orbital energy differences provide poor indications of state energy differences, 
particularly when charge transfer is involved. 
 Table 1 shows transition energies for 1 evaluated using equation of motion coupled 
cluster (EOM-CCSD) theory,40 another time-dependent approach considered to provide useful 
descriptions of the singlet and triplet manifolds of VN−.  It does not suffer from anomalies 
concerning its description of long-range electrostatic or charge-transfer effects, and its 
predictions are similar to those of CAM-B3LYP, but sometimes different to those of HSE06. 
 As an alternative to TD-DFT, we now consider transition energies evaluated by 
calculating individual DFT energies for both the initial and final states.  This approach can only 
be applied to a limited selection of states, and is significantly hampered for VN− as DFT and many 
ab initio approaches fail owing to excited-state open-shell character.  Qualitatively sensible 
results are obtained for the (1)3𝐸𝐸′ and (1)3𝐴𝐴2′′ states that are of particular interest, however, and 
results for 1 − 3 are listed in Table 2 and illustrated in Fig. 2(c).  Used are the CAM-B3LYP and 
HSE06 density functionals, as well as the ab initio approaches: Hartree-Fock theory (HF),41 
second-order Møller-Plesset (MP2) theory,42 coupled-cluster singles and doubles (CCSD) 
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theory,43-45 and this perturbatively corrected for triples excitations, CCSD(T).46  For the local 
excitation (1)3𝐸𝐸′, the ab initio methods appear to converge quickly as the treatment of electron 
correlation is systematically enhanced, giving results close to those of CAM-B3LYP, with 
HSE06 deviating slightly further.  For the charge-transfer excitation (1)3𝐴𝐴2′′, CAM-B3LYP 
deviates from CCSD by 0.4 eV, a large deviation but one consistent with other worst-case 
predictions obtained using CAM-B3LYP.19  On the other hand, HSE06 underestimates this 
energy by 0.9 eV. 
 
Table 2.   Calculated vertical excitation energies, in eV, from the (1)1𝐴𝐴1′  ground state of the 
model compounds 1 − 4, in 𝐷𝐷3ℎ symmetry, and the periodic layer P64, in 𝐶𝐶2𝑣𝑣 symmetry as 
necessitated by the boundary conditions, of the VN− defect in h-BN, obtained from state energy 
differences. 
Method (1)3𝐸𝐸′′ (1)3𝐴𝐴2′  (1)3𝐵𝐵1 
 1 2 3 2 P64 
CAM-B3LYP 2.89 2.48 2.48 3.25  
HSE06 2.74 2.41 2.41 2.55 1.57 
HF 2.53 1.95 1.82 4.11  
MP2 3.25 2.83 2.72 3.48  
CCSD 3.06 2.59  3.63  
CCSD(T) 3.12     
 
 
  Transition energies can also be obtained for periodic-layer models such as P64 from 
energy differences, but it is difficult to get results for all but the lowest-energy state of each 
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symmetry, and then only reasonable results can be expected if the two states of interest have 
minimal open-shell character.  The energy gap between the highest-occupied defect orbital and 
the conduction band of VN− from 2D periodic-slab calculations has been reported at 1.8 eV,34 and 
we find for P64 a HSE06 value of 1.62 eV.  The vertical excitation energy of the lowest triplet 
state is predicted to be 1.57 eV (Table 2).  Owing to the use of boundary conditions in the 
periodic model, the defect, which should show both 𝐷𝐷3ℎ and its subgroup 𝐶𝐶2𝑣𝑣 symmetry, cannot 
simultaneously display both 3-fold symmetry elements and the 𝐶𝐶2𝑣𝑣 elements, with the utilized 
(6×4√3)R30° lattice retaining only 𝐶𝐶2𝑣𝑣 symmetry.  The lowest excited triplet state is found to be (1)3𝐵𝐵1, with a wavefunction that explores the boundary regions located far from the defect and 
hence is highly distorted from 3-fold symmetry.  Orbital projection indicates that the lowest 
triplet state is comprised mostly of the HOMO to LUMO excitation from a defect 𝑏𝑏1 (𝜋𝜋) orbital 
to a conduction-band 𝑎𝑎1 (𝜎𝜎) orbital.  Even though the details differ significantly, owing to the 
boundary effect on charge-transfer transitions, the 2D periodic result parallels those from the 
model-cluster calculations in that charge transfer transitions are predicted by HSE06 to occur at 
unexpectedly low energies. 
 In conclusion, we see that, as is well known in molecular spectroscopy, DFT functionals 
without long-range corrections that restore the asymptotic potential to physically meaningful 
values seriously underestimate the energies of charge-transfer transitions.  Such transitions 
abound in defect spectroscopy, but for most defects large separations between defect frontier 
orbitals and the valence and conduction bands of the surrounding material render the effect to be 
not critical.  Nevertheless, poorly represented charge-transfer bands will influence defect-
localized bands of typically greater interest.  This effect is most likely responsible for the general 
poor performance of HSE06 found19 for defect-localized transitions.  Methods such as CAM-
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B3LYP that embody long-range correction and support for charge-transfer constitute the entry 
level for DFT calculations of defect spectroscopy.  They are now appearing in codes with plane-
wave basis sets that readily support calculations of 2D and 3D materials,30 providing means to 
bound the likely errors that can arise during spectroscopic calculations on molecules and 
materials alike.  Whilst the schemes for asymptotic potential correction applied herein were 
developed 15-20 years ago and are empirical in nature,20, 23 modern research is focusing on the 
developing density functionals by first principles that embody this effect.24 
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